Source modeling of recent shallow intraslab earthquakes is studied using strong-motion data. The total area of strong-motion generation areas obtained is smaller than the prediction from the empirical relationship for inland crustal earthquakes by Somerville and co-workers. Moreover, the ratio between the combined area of strong-motion generation areas obtained in this study and the area predicted by the empirical relationship, tends to decrease with focal depth. The stress drops on strong motion generation areas (or asperities) of shallow intraslab earthquakes increase with focal depth.
Introduction
Japan is located along major subduction zones where historically large shallow intraslab earthquakes have occurred below populated areas causing severe damage through strong ground motions (e.g., the 1993 Kushiro-Oki earthquake). Previous studies on source characteristics and stress drops for intraslab earthquakes have been conducted by e.g., Mikumo (1971) , Wyss and Molnar (1972) , Chung and Kanamori (1980) , Fukao and Kikuchi (1987) , Campus and Das (2000) , and Houston (2001) . They mainly analyzed intermediate depth earthquakes (70-300 km) or deep earthquakes (300-670 km). In most of these studies, the durations of source-time functions of long-period body waves or the corner frequencies of source spectra were used to estimate source dimensions and stress drops. Shallow intraslab earthquakes, which occur within the subducting plates at a depth of 30-70 km, have rarely been examined with the exception of several recent large earthquakes (Kakehi and Yamauchi, 2001) . Kanamori and Anderson (1975) gathered sets of seismic moments and source dimensions from numerous papers to study source characteristics based on a theoretical background. They concluded that the average stress drops in rupture areas of intraplate events were 10 MPa, which were higher than interplate events (3 MPa) with comparable seismic moments, and that the fault surface areas of intraplate events were smaller than those of interplate events.
This study estimated source models for several moderatesize and large shallow intraslab earthquakes occurring around Japan using strong-motion network data. Then, the relationship between the combined area of asperities and seismic moment for these intraslab earthquakes was compared with the empirical relationship for inland crustal earthCopy right c The Society of Geomagnetism and Earth, Planetary and Space Sciences (SGEPSS); The Seismological Society of Japan; The Volcanological Society of Japan; The Geodetic Society of Japan; The Japanese Society for Planetary Sciences.
quakes proposed by Somerville et al. (1999) . The focal depth dependence of the asperity size was also examined.
Analysis Method and Data
Source models of six recent shallow intraslab earthquakes that occurred around Japan were analyzed using near-source strong-motion records (Table 1 and Fig. 1 ). The hypocenters of these events were located at a depth of 30-70 km within the Philippine Sea slab or the Pacific slab.
Broadband strong motion simulation was conducted using the empirical Green's function method for estimating source models (Irikura, 1986; Miyake et al., 1999) . Waveform records of a small event with a hypocenter that was close to that of a target event and a focal mechanism that was similar to that of the target event, were used as the empirical Green's functions.
To explain the observed waveforms in the broadband frequency range, horizontal components of acceleration, velocity, and displacement waveforms at four stations around the source region were simulated. A characterized source model with several rectangular strong motion generation areas (SMGA) within the rupture area was created and strong motions were assumed to radiate only from these SMGAs (e.g., Kamae and Irikura, 1998a) . The size of SMGAs, rise time, and rupture velocity were estimated using a forward modeling. An appropriate fault plane was also selected with reference to the results of moment tensor inversions determined by F-net or Harvard University. Radial rupture propagation from the hypocenter located by the Japan Meteorological Agency (JMA) was assumed. Each model parameter was determined in a certain range which was set empirically (e.g., rupture propagation velocity was searched from 0.6 β to 0.9 β, where β was the shear wave velocity at the source region). The best fitting model was determined to be the model that had minimum residuals of displacement waveforms and those of envelopes of acceleration waveforms (Miyake et al., 1999 Locations of epicenters and focal mechanisms (lower hemisphere projection) used in this study. The center of the focal sphere indicates the epicenter of the corresponding event. These focal mechanisms were determined from the moment tensor inversion by F-net (http://www.fnet.bosai.go.jp/) and Harvard University (http://www.seismology.harvard.edu/projects/CMT/).
The upper limit of the frequency range used in this simulation was fixed at 10 Hz. The lower limit was determined by the appropriate signal-to-noise ratio of the small event data, which ranged from 0.2 to 0.7 Hz.
Results
The source parameters obtained in this study are shown in Table 2 . An example of the comparison of observed and synthetic waveforms is shown in Fig. 2 . Results are sufficiently reliable in the broadband range to achieve the aims of this study. Each event has one SMGA except event No. 4 (the 2001 Geiyo earthquake). Assuming two SMGAs for the 2001 Geiyo earthquake, the observed waveform and duration at each station can be explained fairly well.
The relationship between the combined area of SMGAs obtained in this study and seismic moment is shown in Fig. 3 . Results from other studies using the same method of analysis are also indicated.
The solid line in Fig. 3 is the empirical relationship between combined area of asperities and seismic moment for inland crustal earthquakes from the waveform inversion results compiled by Somerville et al. (1999) . They character- L, W , and S a are length, width, and area of SMGA for each event, respectively. t r and V r are rise time and rupture propagation velocity. The seismic moment of the target event M 0 was obtained from moment tensor inversions using broad band waveform data by F-net (Fukuyama et al., 1998) .
ized an asperity as the area that has a 1.5 times larger slip relative to the average slip on the rupture area, and constructed this empirical relationship by quantifying such asperities in a deterministic manner from the heterogeneous spatial slip distributions derived from the kinematic waveform inversion. The SMGA estimated from forward modeling based on the broadband strong motion simulation coincides fairly well with the asperity derived from the waveform inversion (Kamae and Irikura, 1998a; Miyakoshi et al., 2000; Miyake et al., 2001) . Henceforth, SMGA will be treated as asperity in this paper. The relationship between stress drop and asperity area is expressed by
where σ a is the stress drop on asperities, and S a is the combined area of asperities. When the ratio of seismic moment on asperities with respect to total seismic moment is assumed to be constant (Somerville et al., 1999) , the combined area of asperities when the stress drop on asperities is five times higher than the empirical relationship for an inland crustal earthquake for a comparable seismic moment S a , is obtained by
S a is the combined area of asperities predicted by Somerville et al. (1999) for the given seismic moment. The relationship between M 0 and S a is indicated by the dotted line in Fig. 3 . Fig. 3 . Relationship between the combined area of SMGAs and seismic moment. Solid circles, solid triangles, and open squares indicate intraslab earthquakes obtained in this study, large intraslab earthquakes in Hokkaido, Japan (Morikawa and Sasatani, 2001) , and inland crustal earthquakes Irikura, 1998a, 1998b; Miyake et al., 2001; Birgoren et al., 2001) , respectively. The solid line indicates the empirical relationship between the combined area of asperities and seismic moment for inland crustal earthquakes by Somerville et al. (1999) . The broken portion is the extension of the relationship for smaller and larger events. The dotted line is the relationship when the stress drop on the asperities is five times higher than that of the empirical relationship.
Discussion
The combined area of asperities for these shallow intraslab earthquakes was estimated to be 14-90% of values predicted from the empirical relationship for crustal events (Fig. 3) . The combined area of asperities of shallow intraslab earthquake is smaller than that of inland crustal earthquakes with comparable seismic moments, although the difference between the obtained values and the empirical relationship varies for each event.
In Fig. 4 , the ratios S a /S a are plotted against focal depths on a logarithmic scale, where S a is the combined area of asperities obtained in this study. The S a /S a value decreases with focal depth. These results mean that as the focal depth increases, the stress drop of a shallow intraslab earthquake is higher.
The physical explanation is not yet apparent, but the physical properties of the focal region are thought to change with depth. Bilek and Lay (1999) studied the relation between source durations and depths using point-source waveform inversions of teleseismic broadband records from interplate thrust events occurring in the Japan Trench and concluded that an increase in stress drops with increasing depth was caused by rigidity variations along the interface. If the rigidity of the slab increases with depth, the stress drop will increase. Our results for shallow intraslab events are similar to their results for interplate events. Mikumo (1971) suggested that the stress drops for intermediate and deep focus earthquakes tend to increase with depth and that a linear relationship may apply when values are plotted with respect to hydrostatic pressures at appropriate depths. Aside from the problem of whether the stress drops of intermediate and deep earthquakes change with depth or not, other studies have commonly mentioned that intermediate and deep earthquakes have relatively higher stress drops than shallower earthquakes. At a minimum, the transitional zone of stress drops from low stress drops to high stress drops at the depths that were investigated in this study is apparent.
Conclusions
Source models for six shallow intraslab earthquakes that occurred around Japan were constructed via forward modeling using the empirical Green's function method. These results indicate that the combined area of asperities is smaller than the prediction by the empirical relationship for inland crustal earthquakes. These results are consistent with recent results for several large intraslab earthquakes. Moreover, stress drops of the asperities seem to depend on the focal depth, which is an important characteristic of shallow intraslab earthquakes. Although the number of analyzed events was small, focal depth dependence was noted. Future research may separate the focal-depth dependence from other factors with more event analyses in the same manner.
